A first-principles energy band calculation is performed with respect to the V 5+ -and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells to elucidate the effect of Ca 2+ doping on the electronic structure and optical properties of a V 5+ -doped Y 2 Ti 2 O 7 pigment in the present study. The structural optimization calculation reveals that the theoretical lattice constant of the Y 2 Ti 2 O 7 unit cell slightly increases when compared with that in the experimental data. The forbidden gap at the ¥ point is estimated to be 2.78 eV. On the basis of the density-of-states analysis, the valence band (VB) of Y 2 Ti 2 O 7 mainly comprises the O 2p states and hybridizes with the Ti 3d and Y 4d states. The conduction band (CB) can be divided into two energy regions. The lower CB comprises the Ti 3d states and hybridizes with the O 2p states, whereas the upper CB comprises the Y 4d, Ti 3d, and O 2p states. When Y 2 Ti 2 O 7 is doped with a V atom, the VB width and bandgap are observed to expand by 0.7 and 0.2 eV, respectively, with respect to the pristine Y 2 Ti 2 O 7 . Two strongly localized peaks, corresponding to the V 3d states, appear in the bandgap. Further, three strongly localized peaks appear in the bandgap when V 5+ -doped Y 2 Ti 2 O 7 is doped with a Ca atom. In the dielectric function calculation of the V 5+ -doped Y 2 Ti 2 O 7 , there is broad absorption from the O 2p VB states to the V 3d gap states as well as a VBCB optical transition in the host crystal. When the V 5+ -doped Y 2 Ti 2 O 7 is doped with a Ca atom, the distortion of the VO 6 octahedron becomes large, leading to an increment of O 2p state densities near the valence-band maximum of the host. Thus, it is considered the momentum matrix elements between occupied states (O 2p states) and unoccupied states (V 3d states) becomes large in comparison with the case before a Ca doping.
Introduction
The yellow color is in high demand during the development of ceramic pigments because of its high visibility. 1) It is well-known that praseodymium yellow (Pr-doped ZrSiO 4 ) is a representative environment-friendly yellow pigment that is prepared by a solid-state reaction. The heating treatment, which occurs in the temperature range of 1000 to 1600°C in air, is indispensable for generating the ZrSiO 4 particles. Thus, the coarse Pr-doped ZrSiO 4 particles are formed, and the clear shade of the pigment is sacrificed. In addition, Pr is one of the rare-earth elements. Accordingly, various groups have attempted to find a more abundant element that can be used instead of Pr. For example, Ishida et al. observed that Ca 2+ co-doped with V 5+ in Y 2 Ti 2 O 7 [(Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 ] exhibiting a pyrochlore structure provided better color strength and brightness when compared with those exhibited by the V 5+ -doped SnO 2 and ZrO 2 . 2),3) Pailhé et al. discussed the correlation between pigment coloration, synthesis parameters, and structural feature of (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 pigment. 4) However, there are no reports on the electronic structure of the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 , including about the impurity atoms in the host crystal. Detailed information about the electronic structure of the pigment materials is essential to understand the light absorption behavior mechanisms.
Thus, we perform a first-principles energy band calculation for the V 5+ -and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells to elucidate the effect of Ca doping on the electronic structure and optical properties of a V 5+ -doped Y 2 Ti 2 O 7 pigment in the present study. In the generalized gradient approximation (GGA) framework, we study the characteristics of the pigment's valence band (VB) and conduction band (CB) as well as its optical properties using the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 , Ca 2+ -doped, and V 5+ -doped Y 2 Ti 2 O 7 supercells.
Calculation method
Y 2 Ti 2 O 7 crystallizes into a cubic structure with space group Fd 3m (S.G. 227) and contains eight formula units for a total of 88 atoms in the unit cell, as shown Fig. 1 . 5) In this structure, there are one independent Y atom, one independent Ti atom, and two independent O atoms (O1 and O2). Y, Ti, O1, and O2 occupy at the Wyckoff 16c, 16c, 48f, and 8a positions, respectively. Y 2 Ti 2 O 7 unit cell was optimized by relaxing all the lattice constants and atomic positions using the CASTEP code. 6) Exchange and correlation interactions were treated within the framework of the GGA proposed by Perdew et al. 7) Cutoff energy of the plane-wave expansions was set to 380 eV, and the valence electrons were treated with Vanderbilt-type non-local ultrasoft pseudopotentials. 8) Reciprocal space integration in the first Brillouin zone (FBZ) was performed using 4 irreducible k-points, which correspond to a 2 © 2 © 2 k-grid of the Monkhorst-Pack scheme. 9) Then, three kinds of supercells were prepared, which are Ca 2+ -doped, V 5+ -doped, and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 structures.
The electronic structure calculations for the supercells were performed by using the scalar-relativistic full potential linearized augmented plane wave plus local orbital (FLAPW+lo) method based on the GGA approach. 10) The wave functions were expanded by APW+lo basis functions that are composed of plane waves in the interstitial region and linear combinations of radial functions multiplied by spherical harmonics inside the muffin-tin (MT) region. The MT spheres radii (R MT ) of the Y, Ti, and O atoms were respectively 2.22, 1.97, and 1.78 a.u. for Y 2 Ti 2 O 7 unit cell and of the Ca, V, Y, Ti, and O atoms were respectively 2.02, 1.71, 2.23, 1.82, and 1.55 atoms for (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercell. The plane wave cutoffs were R MT *K max = 7.0 for Y 2 Ti 2 O 7 unit cell and R MT *K max = 6.0 for Ca 2+ -doped, V 5+ -doped, and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells. For the Ca 2+ -doped and V 5+ -doped Y 2 Ti 2 O 7 supercell calculations, the electroneutral condition was maintained by placing a background electric charge. In the density-of-states (DOS) calculation, the Brillouin-zone integration was carried out with modified tetrahedron method on a special mesh of 47 k-points for Y 2 Ti 2 O 7 unit cell and 32 k-points for (Ca 2+ , V 5+ )doped Y 2 Ti 2 O 7 super cell. The optical properties were derived using the complex dielectric function, ¾ (½) = ¾ 1 (½) + i¾ 2 (½). 11) The imaginary part of the dielectric function, ¾ 2 (½), was numerically calculated from the momentum matrix elements between the unoccupied and occupied electronic states, while the real part, ¾ 1 (½), was converted from ¾ 2 (½) using the KramersKronig relation. Furthermore, we evaluated the absorption coefficients I (½) based on the complex dielectric function ¾ (½).
Results

Supercell construction
Herein, a structural optimization calculation is conducted for the ground state of the system at 0 K and 0 Pa. The lattice parameter, a, of the Y 2 Ti 2 O 7 unit cell was estimated to be 1.0095 and 1.0411 nm before and after the structure optimization calculation was performed, respectively. When compared with the experimental values, the calculated lattice constant of the Y 2 Ti 2 O 7 unit cell is slightly greater and agrees with the experimental values within 3.2%. Table 1 presents the YO and TiO bond lengths for the Y 2 Ti 2 O 7 unit cell. The coordination numbers of the Y and Ti atoms are 8 and 6, respectively.
The V 5+ -doped, Ca 2+ -doped, and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells are shown in Fig. 2 . According to Shannon, 12) the ionic radii of eight-fold-coordinated Ca 2+ and Y 3+ ions are 1.26 and 1.159 ¡ (1 ¡ = 0.1 nm), respectively, and the ionic radii of six-fold-coordinated Ti 4+ and V 5+ ions are 0.745 and 0.68 ¡, respectively. Therefore, a Ca 2+ -doped Y 2 Ti 2 O 7 supercell was constructed by substituting a Ca atom for a Y atom and a V 5+ -doped supercell was constructed by substituting a V atom for a Ti atom. The Ca 2+ -doped and V 5+ -doped Y 2 Ti 2 O 7 supercells have nominal compositions of Ca x Y 2¹x Ti 2 O 7 (x = 0.0625) and Y 2 Ti 2¹x V x O 7 (x = 0.0625), respectively. The Ca 2+ -doped, V 5+ -doped, and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells were optimized by relaxing all of the atomic positions using the CASTEP code. 6) The lattice constants were assumed to have the same values as of the Y 2 Ti 2 O 7 unit cell after the optimization calculation. In the Ca 2+ -doped and V 5+ -doped supercells, the crystal system changed from a cubic system to a triclinic system (S.G. 1) and from a cubic system to a hexagonal system (S.G. 166), respectively. The Ca and V dopant atoms have C 1 symmetry and C 3v symmetry, respectively. The (Ca 2+ , V 5+ )-doped supercell was constructed by substituting a Ca atom for a Y atom in the V 5+ -doped Y 2 Ti 2 O 7 , and it is ascribed to a triclinic system (S.G. 1). It has the nominal composition Y 2¹x Ca x Ti 2¹y V y O 7 (x = y = 0.0625), and the Ca and V Figure 3 denotes the self-consistent energy band structure of the structurally optimized Y 2 Ti 2 O 7 unit cell along the symmetry lines of the FBZ. The energy is measured in electron volts (eV), and the origin of the energy is arbitrarily set as the valence-band maximum (VBM). W, L, ¥, X, and K are the symmetry points, whose coordinates (in units of g 1 *, g 2 *, and g 3 *) are (1.0, 0.5, 0), (0.5, 0.5, 0.5), (0, 0, 0), (1.0, 0, 0), and (0.75, 0.75, 0), respectively, which are relevant reciprocal space vectors. The forbidden gap at ¥ is 2.78 eV®almost 11% smaller than the experimental value (3.12 eV). 13 15) respectively. The underestimation of bandgaps based on the local density approximation and GGA approaches is well documented; this underestimation results from the self-interaction error and the integer discontinuity in the exchange correlation energy and potential when the number of electrons is changed. 16 ),17) Figure 4 presents the total density of states (TDOS) and the partial density of states (PDOS) for each constituent atom of the Y 2 Ti 2 O 7 crystal; the lower O 2s states are excluded. The GGA calculation reveals that the VB of Y 2 Ti 2 O 7 lies from ¹4.3 to 0 eV. The VB mainly comprises the O 2p states and hybridizes with the Ti 3d and Y 4d states. As listed in Table 2 , the Y and Ti atoms exhibit very different geometrical arrangements; the Y atoms directly bond with the O1 and O2 atoms, whereas the Ti atoms only bond with the O1 atoms. This disparity leads to a large difference in the DOS shape between the O1 and O2 atoms. Also, the localization of the O1 2p states near the VBM, which originates from the interaction between the Ti 3d and O1 2p states, warrants attention. The CB can be divided into two energy regions: one below 4.0 eV (lower CB) and the other above On the other hand, as seen in Fig. 6 , when Y 2 Ti 2 O 7 is doped with a V atom, the VB and bandgap expand by approximately 0.7 and 0.2 eV, respectively, because of the overlapping interaction between the V 3d and O 2p states. 18) Two strongly localized peaks form in the bandgap of the host crystal at 1.27 eV (peak-I) and 1.44 eV (peak-II). According to the PDOS analysis, these energy levels mainly consist of the V 3d states and hybridize with the O 2p states. Peak-I is mainly attributable to V 3d z 2 , whereas peak-II is mainly attributable to V 3d x 2 ¹y 2 , 3d xy , 3d xz , and 3d yz . This result is explained by deformation of the VO 6 octahedron in the V 5+ -doped Y 2 Ti 2 O 7 supercell, as presented in Table 2 . Figure 7 depicts the TDOS and enlarged TDOS of the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercell. The origin of energy is taken as the VBM of the host. As reported in Table 3 , the supercell has six different VO bond lengths and is warped compared with the supercell of the V 5+doped Y 2 Ti 2 O 7 . In the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercell, three peaks®peak-III at 2.53, peak-IV at 2.57 eV, and peak-V at 2.70 eV®appear in the bandgap of the supercell. The PDOS analysis denotes that all of the peaks contain five constituents of the V 3d orbitals. ¾ 2 (½) of the dielectric function for Y 2 Ti 2 O 7 , as calculated using the GGA approach. The dielectric tensor contains one independent diagonal component, ¾ xx , because Y 2 Ti 2 O 7 has a cubic crystal system. 11) The real part ¾ 1 (0) is equal to the square of the refractive index, 2.30. The imaginary part ¾ 2 (½) is related to the absorption spectrum between the electronic transitions from the VB to the CB and can be divided into two energy regions: a lower energy region below 5.0 eV (part-I) and a higher energy region above 5.0 eV (part-II). A comparison of these characteristics with the PDOS characteristics depicted in Fig. 4 reveals that part-I corresponds to the transitions from the O 2p VB to the Ti 3d CB, whereas part-II is observed to correspond with the transitions from the O 2p VB to the (Ti 3d + Y 4d) CB. We note that a peak in ¾ 2 (½) does not correspond to a single interband transition because many direct and indirect transitions contribute to each peak. Because of the hexagonal structure of the V 5+ -doped Y 2 Ti 2 O 7 supercell, ¾ 1 (½) and ¾ 2 (½) contain two independent components, xx = yy and zz, whereas the off-diagonal components are zero. 11) The refractive index of the supercell is almost equal to the value of the pure Y 2 Ti 2 O 7 . Furthermore, the shape of the ¾ 2 (½) curves is similar to that of the pure Y 2 Ti 2 O 7 ; however, a broad absorption region appears in the range of 1.27 to 3.0 eV because of and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells. Because these supercells have a triclinic structure, ¾ 1 (½) and ¾ 2 (½) can be separated into six independent components, including three diagonal components (xx, yy, zz) and three off-diagonal components (xy, xz, yz). 11) For the Ca 2+ -doped Y 2 Ti 2 O 7 and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells, we should especially note that the off-diagonal components have meaningful values, in considerable contrast to the off-diagonal components in the case of the V 5+ -doped Y 2 Ti 2 O 7 supercell. This result means that these supercells have optical activity such as rotatory polarization and circular dichroism as pointed out by Kon and Kamimura. 19) Furthermore, Sato indicated that the real part of the off-diagonal components gives an absorbing spectrum and the imaginary part a distributed spectrum. 20) In this case, the imaginary part of the dielectric response shows not only the positive values but also the negative values in some energy ranges.
Electronic structure
Optical properties
Discussion
The coloration of (Ca 2+ , V 5+ )-doped Y 2 Table 3 , when the V 5+ -doped Y 2 Ti 2 O 7 is doped with a Ca atom, the distortion of the VO 6 octahedron also becomes large. Specifically, the local structure change of the VO 6 octahedron leads to an increment of the O 2p state densities near the VBM of the host. By contrast, the peak strengths of the V 3d state densities in the bandgap of the V 5+ -doped and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells have similar values. This result indicates that the momentum matrix elements between occupied states (O 2p states) and unoccupied states (V 3d states) become large in comparison with the case before Ca doping.
Furthermore, the absorption coefficient I(½) for the V 5+ -doped Y 2 Ti 2 O 7 and the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells were calculated (Fig. 12) . The absorption coefficient is given by the following equation: 11),21)
where c denotes the speed of light in vacuum. Because the coefficients are derived from the dielectric function, each of the polarization tensor components is similar to the corresponding components of the dielectric function. 
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The diagonal absorption coefficients of the (Ca 2+ , V 5+ )doped Y 2 Ti 2 O 7 supercell are similar to those of the V 5+doped Y 2 Ti 2 O 7 . The off-diagonal absorption coefficients in the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercell play a substantial role and are similar to the diagonal coefficients; by contrast, the off-diagonal coefficients in the V 5+ -doped Y 2 Ti 2 O 7 are zero. Therefore, because both the diagonal and off-diagonal coefficients contribute to the absorption coefficients in the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells, we expected the (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercell to exhibit a larger absorption strength under visible light compared with that exhibited by the V 5+ -doped Y 2 Ti 2 O 7 supercells.
We hope that this study concerning the electronic structure and optical properties of the pigment materials will be helpful for the further experimental study of (Ca 2+ , V 5+ )doped Y 2 Ti 2 O 7 pigments.
Conclusion
Herein, we performed a first-principles energy band calculation using the Ca 2+ -doped, V 5+ -doped, and (Ca 2+ , V 5+ )-doped Y 2 Ti 2 O 7 supercells by employing a theoretically optimized structure. When Y 2 Ti 2 O 7 is doped with a V atom, the VB and bandgap are observed to expand by 0.7 and 0.2 eV, respectively, due to the overlapping interaction between the V 3d and O 2p states. Also, two strongly localized peaks originating from the V 3d states can be observed in the bandgap. Further, when the V 5+doped Y 2 Ti 2 O 7 is doped with a Ca atom, the V 3d gap states split into three strongly localized peaks. A broad absorption from the O 2p VB states to the V 3d gap states can be observed from the dielectric function calculation of the V 5+ -doped Y 2 Ti 2 O 7 . When the V 5+ -doped Y 2 Ti 2 O 7 is doped with a Ca atom, the contribution of O 2p states near the VBM of the host become large. Thus, it is considered the momentum matrix elements between occupied states (O 2p states) and unoccupied states (V 3d states) becomes large in comparison with the case before a Ca doping in the visible light region. 
